A series of new bis-(2-thienyl) maleimide monomers have been synthesized and characterized. The bis-(2-thienyl)maleimide unit has been copolymerized with different aromatic comonomers. Stille coupling polymerizations under various conditions have been utilized. The copolymers were then characterized by size-exclusion chromatography and their optical and electronic properties were investigated by UV-Vis absorption spectroscopy and cyclic voltammetry. All maleimide based copolymers shared similar LUMO energy levels, which are largely determined by the acceptor moiety, and are close to that of PC 61 BM to be effective for charge dissociation. These low band gap polymers have been tested for photovoltaic applications and have shown moderate photovoltaic performance. Interesting results were obtained by adding the polymer to the P3HT:PC 61 BM mixture, as a third component. The ternary blend BHJ solar cells showed power conversion efficiencies of 35% exceeding those of the corresponding binary blends.
Introduction
Bulk heterojunction (BHJ) solar cells based on blend of conjugated polymer/fullerene systems offer promise for the realization of low-cost, printable, portable and flexible renewable energy sources. BHJ solar cell performance has progressively improved since their introduction [1] with power conversion efficiencies (PCE) now close to 10% [2] . Further enhancements of PCE and durability, together with the low-cost fabrication, are still required for commercial applications. Over the past decade, research has focused on regioregular poly(3-hexylthiophene) (P3HT) as the standard electron-donating material in polymer BHJ solar cells, with important progress having been made in understanding the device science and the associated improvements in device efficiency. However, P3HT is not the ideal polymer as it has a relatively large band gap (1.85 eV) and its high-lying highest occupied molecular * E-mail: abderrahim.yassar@polytechnique.edu orbital (HOMO) (−5.1 eV) limits the open circuit voltage (V ) of P3HT/(6,6)-phenyl-C61-butyric acid methyl ester (PC 61 BM) devices to 0.6 V, consequently limiting the efficiency to about 5%. To overcome these limitations, low band gap materials with broad absorption spectra to enhance sunlight harvest for higher short circuit current (J ), an appropriately lower HOMO energy level to maximize the V , a higher hole mobility for higher J and higher fill factor (FF), have been proven to be an efficient strategy to improve device performance. Typically, a low band gap polymer is designed via donor-acceptor (D-A) approach by incorporating both electron-rich and electron-deficient moieties in the same conjugated backbone [3] [4] [5] . Among a wide variety of acceptor units, aromatic diimide units have been shown to be an excellent building block for the synthesis of low-bandgap conjugated polymers because they combine a deep lying HOMO, a rigid planar core and high electron mobility [6] [7] [8] [9] .
Using diimide derivatives, several research groups have synthesized D-A low-bandgap copolymers and reported the photovoltaic properties of those copolymers.
For instance, thieno [3,4-c] pyrrole-4,6-dione (TPD) has been reported to be one of the most efficient building block thanks to some property, such as rigidity, good solubility and favorable 3D arrangement in the solid state. TPD-based polymers demonstrated PCEs as high as 8.5% [10] . Dithieno[3,2-:2 ,3 -]phthalimide, a fusedring compound, was also investigated as viable building blocks for low band gap materials for photovoltaic applications. The copolymers exhibited a broad absorption band with an absorption edge close to 700 nm and a PCE of 2 % when blended with PC 61 BM [11] . Jeneke et al. demonstrated BHJ cells based on blends of the new low band gap donor-acceptor copolymer, poly(N-(dodecyl)-3,6-bis(4-dodecyloxythiophen-2-yl)phthalimide) (PhBT12), and fullerene derivative (PC 61 BM or PC 71 BM) [12] . The PhBT12/fullerene blend films were found to exhibit crystalline nanoscale morphology, with space-charge-limited mobility of holes as high as 4.0 10 −4 cm 2 /Vs without thermal annealing, leading to moderately efficient devices. The performance of the solar cells varied significantly with PhBT12/fullerene composition, reaching a PCE of 2.0% with a current density of 6.43 mA/cm 2 and a fill factor of 0.55 for the 1:1 PhBT12/PC 71 BM blend devices.
The common structural features of the aromatic diimides are (a) extended aromatic ring flanked in both sides by carboxylic diimides and (b) their powerful electron accepting ability. Maleimide has the simplest structure within unsaturated imide family and can be regarded as a cis olefin bisubstituted with an electronwithdrawing group, carboxylic imide. In spite of its simple structure, it is quite surprising that only a few attempts have been made to explore the possibility of using maleimide as building block of functional materials for organic electronics. In these regards, two different group of researcher reported the synthesis and characterization of a series of diphenylmaleimide-based π-conjugated copolymers with high red fluorescence both in solution and thin films [13, 14] . Chen et al. [13] synthetized and characterized homopolymer containing electrontransporting 1,2-diphenylmaleimide chromophores and copolymers consisting of 1,2-diphenylmaleimide and holetransporting 2,5-thiophene moieties.
In the second case, Chen et al. [14] designed 3,4-diphenylmaleimidebased π-conjugated copolymers obtaining different properties by varying the structural combination of thiophene and/or fluorene with 3,4-diphenylmaleimide fluorophore. Polymer light-emitting diodes fabricated from 3,4-diphenylmaleimide copolymer exhibited long wavelength electroluminescence from orange to the saturated red region, with satisfactory brightness and efficiency. Recently, and during the preparation process of the current work, Lee et al. reported the photovoltaic properties of cross-linkable maleimide/thiophene copolymers [15] . More recently, a series of D-A copolymers based on 3,4-diphenyl-maleimide has been presented for applications in polymer solar cells [16] . The HOMO level of these polymers were in the range of 5.63 -5.73 eV, indicating the possibility to achieve a high V . BHJSCs were prepared by blending them with PC 61 BM and PC 71 BM. The best results were obtained with the device containing PC 71 BM, with a V of 0.74 V, J of 7.4 mA cm −2 , a FF of 0.22 and a PCE of 1.20% under AM 1.5 G simulated solar light. The best device obtained with PC 61 BM gave a V of 0.80 V, J of 4.9 mA cm −2 , a FF of 0.21 and a PCE of 0.82%. In general, device performances based on these copolymers were limited by poor charge transport and light induced charge separation, but also confirm the interest in maleimide as accepting unit.
Herein, we present the synthesis of new D-A molecules and polymers containing bithienyl-maleimide units as electron acceptors and electron-rich thiophene units with the results of their optical, electrochemical, morphological and photovoltaic properties. Soluble oligomeric compounds were also synthesized via analogous organometallic coupling reaction. The compounds display well-defined conjugation length and provide simple model system for elucidating pertinent structure-property correlations, especially with respect to its photovoltaic behaviour.
Results and discussion

Materials Synthesis
Various synthetic procedures for preparing symmetrical or unsymmetrical 3,4-substituted maleimides are known. Previously, diaryl-maleimides were commonly synthesized from acetonitrile derivatives, however the yields were not satisfactory with thiophene [17, 18] . Alternative methods to prepare diaryl-maleimides or the corresponding diaryl-maleic anydrides or their precursors were based on a modified Perkin condensation involving sodium salts of arylglyoxylic acid and arylacetic acid with acetic anhydride [19] , by oxidation of 2,5-dibromopyrrole in presence on HNO 3 [20] or variations of these methods [21] [22] [23] . The most direct way to access to bis(thien-2-yl) maleimides is based on the direct bromination of maleic anhydride with Br 2 , catalyzed by AlCl 3 [24] . Dibromo-maleic anhydride is easily converted into the imide and the resulting compounds can be used in cross-coupling reactions to get access to bisaryl-maleimide [25] [26] [27] [28] [29] [30] . To improve the yield of the reaction, we chose to apply an alternative method based on Stille coupling reaction [31] . 2,3-oligothiophene-N-substitued maleimide compounds (3, 5, and 6) were prepared by Stille coupling reaction start-ing from 2,3-dibromo-N-octylmaleimide, using Pd 0 (generated from Pd(PPh 3 ) 2 Cl 2 ) as catalyst (Scheme 1). The first step involves the bromination of neat maleic anhydride with Br 2 in the presence of catalytic amount of aluminum trichloride to provide 1 in good yield. The reaction of dibromo maleic anhydride with octyl amine, in acetic acid afforded to 3,4-dibromo-1-octyl-1H-pyrrole-2,5-dione (2) [24] . Coupling reaction of 2 with 2-(tributylstannyl)thiophene, using PdCl 2 (PPh 3 ) 2 as a catalyst, lead to 2,3-dithiophene-N-octylmaleimide (3) in a good yield. The dibromination of compound 3 with an excess of NBS, in chloroform at r.t., provided the 2,3-bis(2-bromothiophene)-N-octylmaleimide (4) in 90% yield. To further extend oligothiophene chain we carried out the coupling reaction of compound 4 with 2-tributylstannylthiophene and 2-tributylstannyl-3-hexylthiophene, affording compounds 5 and 6, respectively. All thienyl-maleimide derivatives were obtained in high purity after chromatography on silica gel. They were fully characterized by 1 H NMR and high-resolution mass spectroscopy confirmed the molecular weight for the compound 5. (See Exp. Section and Supplementary contents).
Sch
Sch. 2. Synthesis of copolymers based on maleimide.
In order to study the transformation of the maleimide derivatives into the new polymers P1 and P2, two coupling reactions were performed using bis-stannylthiophene and bis-stannyl-bis-thiophene. Scheme 2 shows the synthetic pathway to obtain polymers P1 and P2 by Stille reaction. The monomers 4 and 2 were reacted with bis(stannyl) derivatives using DMF and Pd II as solvent and catalyst, respectively. The reaction mixture was heated overnight at 90°C in DMF.
The products were purified by re-precipitation from toluene into methanol and purified by Soxhlet extraction with MeOH and diethyl ether to remove residual catalyst and low molecular weight materials, respectively. All polymers show good solubility in halogenated solvents, such as chloroform and DCB. GPC in THF at RT was used to determine the molecular weights: the number-average molecular weights (Mn) and the polydispersity index (PI) of the P1 are 14,4 Kg/mol and 1,26, respectively while for the P2 are 11,6 Kg/mol and 1.45.
The GPC data confirm that the molecular weights of the polymers are very close to maleimide-based polymers already presented in literature prepared by Stille cross coupling [15] .
Optical and Electrochemical Properties
The optical properties of P1, P2 and model compounds were investigated in solutions and thin films. The λ values for model compounds 3, 422 nm, is very close to those reported for (E)-1,2-bis(2-thienyl)vinylene and (E)-1,2-bis-[2,2'-bithienyl] vinylene, 422 and 435 nm respectively. This similarity suggests that introduction of the carboxylic imide onto the vinylene bridge has little influence on the electronic structure of the π-conjugated system [32] . Figure 1 shows the UV-visible absorption spectra of P2 in chloroform and thin film. In chloroform solution, it can be seen that P2 shows broad absorption between 300 and 700 nm with a maximum of 560 nm, which is the characteristic of the polythiophene derivatives. The absorption spectrum of the P2 film displays an absorption peak at 650 nm, which is red shifted by 90 nm in comparison with the absorption of polymer solution, indicating a strong intermolecular interaction in the polymer film. The optical bandgap of P2, calculated from the absorption edge in the UV-VIS spectrum of the thin film, is 1.55 eV.
The incorporation of maleimide electron deficient block in the polymers results in intra molecular charge transfer (ICT) between donor (thiophene) and acceptor, causing electronic delocalization along the polymer backbones. P2 shows a 180 nm bathochromic shift with respect to the previously reported conjugated copolymer based on 3,4-diphenyl-maleimide (λ = 450 nm) [13, 16] . The larger peak shift and the broadened absorption of P2 are ascribed to the much stronger ICT between the thiophene electron-donating unit and maleimide dicarboxylic imide acceptor unit in P2 than that between phenyl donor and maleimide acceptor, previously reported. The electrochemical properties of the model compound 5 were examined by cyclic voltammetry (CV) to estimate the HOMO and LUMO energy levels. The corresponding potential profiles are reported in Figure 2a (4 cycles). When the potential is scanned firstly just in the cathodic region, a reversible and stable redox process is present at potential (E 1/2 ) of −1.25 V vs. Fc. This process is attributed to the compound reduction in solution with the formation of the corresponding radical anion. On the contrary, when higher potential are explored in the anodic scan, an irreversible current peak is detected at 0.70 V vs. Fc, which is due to the oxidation of the neutral compound to the radical cation. After the first cycle, the peak current grows cycle by cycle and a new redox process is observed at lower potential (between 0.40 and 0.65 V) which can be attributed to the p-doping/de-doping of a semiconducting polymer growing at the electrode surface. So it is evident that the fresh formed radical cations react chemically to give polymer chains attached to the electrode. To further confirm this hypothesis, we have also characterized the obtained film by cyclic voltammetry in monomer free solution. The results are shown in Figure 2b where the characteristic p-and n-doping behaviors of a conducting polymer can be observed. As expected, the p-doping/dedoping process lies at potential lower than the corresponding monomer oxidation, while the polymer n-doping takes place at almost the same potential of the monomer reduction. In any case, both the polymer redox processes are reversible and no changes in the current profiles were observed after the first cycle. The HOMO and LUMO energy levels of the compound 5 can be estimated from the current onset of the irreversible oxidation process at the first cycle and the E 1/2 value of the reversible reduction process, respectively. Potential values vs. Fc are converted to vacuum scale energies under the assumption that the Fc/Fc+ redox couple is 5.23 eV relative to a vacuum (using a potential value of 4.6 ± 0.2 eV for NHE vs. vacuum). The same procedure can also be used to calculate the polymer energy levels.
The HOMO and LUMO levels determined for the compound 5 are −5.9 and −4.0 eV, respectively; therefore its energy levels are between those of P3HT and PC 61 BM, as reported in Figure 3 . These values suggest the utilization of the small molecule as additive, in order to obtain an energy levels cascade and improved optical absorption.
The corresponding values for the polymer obtained electrochemically are −5.8 and −3.9 eV, respectively. The reduction potentials of the model compound is quite close to that of PC 61 BM, with an offset of 0.2 eV (the PC 61 BM LUMO level was determined as −4.2 eV in our lab. under the same experimental conditions). 
Photovoltaic Properties and morphological analysis
Organic solar cells based on blends of PC 61 BM, as electron acceptor, and P1 and P2, as electron donors, were fabricated with the common structure of ITO / PE-DOT:PSS / polymer: PC 61 BM / LiF / Al. Solar cell devices were characterized under AM1.5G illumination at 100 mW/cm 2 with a solar simulator. The photovoltaic performances of the devices with different polymer / PC 61 BM weight ratio were investigated. Small molecule containing the maleimide core was employed in 5:PC 61 BM blend system but any photovoltaic behavior was observed, because of the lack of the offset of the LUMO levels between 5 and PC 61 BM. The offset is 0.2 eV, which is slightly lower than the minimum value required for efficient charge separation at the interface of the donor and acceptor; while in the case of the polymers the value of the LUMO levels are high enough to allow the excitons dissociation. Indeed when polymers were blended with PC 61 BM and used as active layer in device, a very small photovoltaic effect is observed. The device exhibited a J of 0.11 mA/cm 2 , a V of 0.62 V, a FF of 0.22, and thus a PCE of 0.02%. The lower PCE and poor photovoltaic performance are in accordance with the literature for maleimide-based polymers. The low J could be attributed to the low LUMO offset between donor and acceptor, but also to the large-scale phase separation, which causes also, inefficient exciton dissociation. The nanoscale morphology of the film was investigated by IC-AFM. Figure 4 shows the topography and the phase IC-AFM images for the P2:PC 61 BM annealed film with blend ratios of 1:1. The IC-AFM phase contrast image exhibits blend segregation and spherical aggregates are observed. The bright contrast corresponding to P2 clusters emerge from sample surface; the aggregate dimension, as reported in Figure 4 , cannot be more than 400 nm because the dimension of the pores filter used blocks the bigger clusters. The presence of these aggregates can be ascribed to the limited solubility of P2. The size of these domains is larger than the exciton diffusion length and their presence can be the origin of the poor results obtained with this materials. Attempts have been made to optimize these devices, but performances were still poor. More interesting results were obtained by sensitizing the P3HT:PC 61 BM bulk heterojunction with compound 5 or polymers P1 and P2, as a third component. Several studies report improvement in the PCE of BHJ device based on P3HT:PCBM by incorporating additives via ternary mixing [33] [34] [35] 38] . For example, in terms of optimizing the performance of P3HT/PCBM in the BHJ solar cells, Chu and co-workers have applied a small molecule to form a ternary cascade structure, [36] resulting in about a 15% increase in PCE compared to a pristine P3HT:PCBM device. The offset of the energy levels of the donor and the acceptor normally gives to energy losses upon exciton dissociation and the addition of the third component can decrease the charge transfer barriers within the active layer and the recombination of the excitons could be significantly reduced. For the third semiconductor, as the additive, three criteria must be respected: (i) its energy levels must have the proper offset with respect to P3HT and PCBM, the blend counterparts, (ii) it should be able to operate as either an electron acceptor and transporter as well electron donor and transporter, (iii) it should have an high absorption in the range complementary to the other components of the BHJ blend [36, 37] .
The ternary blend films were prepared in proportions similar to the feed ratio of the P3HT:PC 61 BM, binary blend system. Fig. 5 shows the J-V characteristics of the P3HT:P2:PC 61 BM ternary blend solar cells and the corresponding P3HT:PC 61 BM binary blend control device.
The ternary blend solar cells exhibited a substantially improved performance compared to the binary blend control device. Hence, devices fabricated using P3HT:P2:PC 61 BM (0.8:0.2:1) showed considerably enhanced performance ( Figure 5 , red line) with a PCE of 3.14% compared to the P3HT:PC 61 BM control device. The addition of P2 increased the PCE from 1.73 to 3.14%, an 80% improvement. The performance improvement from the P3HT: PC 61 BM to the P3HT:P2: PC 61 BM systems is mainly attributed to the increase in both J (from 7.2 to 9.9 mA cm −2 ) and FF (from 0.41 to 0.51). This improvement, upon addition of P2, can be explained in terms of increased optical absorption and improved thin film morphology. In S.I. are reported the absorbance spectra of ternary blend P3HT:P2:PC 61 BM films with P2 content from 0 wt% to 17 wt%. By increasing P2 ratio, the absorbance in the wavelength range of 750-600 nm is increased, due to the contribution of P2. The P3HT contribution decreases with the addition of P2 but stays then constant with increasing P2 content. The decreasing of the P3HT absorption is due to a lower amount of P3HT in the film. Moreover, the shoulders at 594 nm, which arises from crystalline regions do not change with the P2 content. Consequently, the P2 chains do not incorporate in the crystalline domains but in the amorphous regions of P3HT. To probe the underlying cause of the origin of the increase in J by the addition of P2, we performed the EQE spectra of P3HT:P2:PC 61 BM devices (See Supporting contents). In the normalized EQE spectra of the P3HT:P2:PC 61 BM devices the photocurrent peak in the wavelength range of the P2 absorption, increases as the P2 content increased, which is clear evidence that P2 contributes to the photocurrent.
In a second set of experiments, the third component in the ternary blend was the compound 5 and the content was varied over range of 0 to 16 wt%. Photovoltaic performances of devices produced with these multicomponent blend films, are presented in Table 1 . Short-circuit current densities, J , in the devices with the ternary blend films, were found increased highly when compared with those comprising the corresponding binary P3HT:PC 61 BM. To gain more insight into the variations in the dependence of the photovoltaic behaviour on the blend compositions, IC-AFM images (topography and phase) of the blends were recorded and compared. Figure 7 , (a) and (c) presents topographic IC-AFM images from which are derived the domain sizes and the roughness values announced. Rather than the topographic image, the phase IC-AFM (Fig. 7 (b) and (d) ) is an effective tool to investigate phase separation and dispersion between P3HT and PC 61 BM. The contrast in the IC-AFM phase images comes 
Experimental section
All chemicals were purchased from Aldrich chemical company and used without further purification. Anhydrous solvents were used for Stille reactions. Regioregular P3HT (55 kDa) was purchased from Aldrich or Merck and PC 61 BM ( >99.5%) was obtained from Ossila. 1 H NMR spectra were recorded on a Bruker 500 (500 MHz) using TMS as an internal standard. Mass spectra were recorded on a GC-MS CLARIUS 560/600. HRMS analyses were performed on a JEOL GCMate II, using EI+ ionization.
Absorption spectra were recorded on a JASCO V-570 spectrophotometer at room temperature. Molecular weights (Mn, Mw) and polydispersity indexes (Mw/Mn) were measured by GPC on a Model Dionex UltiMate 3000, equipped with a pump, an absorbance detector (UV, λ = 254 nm), pre-columns filter and polystyrene gel columns based on a conventional calibration curve using polystyrene standards. THF was used as a carrier solvent at a flow rate of 1.0 mL/min at room temperature.
Electrochemical Characterization
Compound 5 was dissolved (5 × 10 −4 M) in a 0.1 M solution of tetrabutylammonium perchlorate (TBAClO 4 ) (Fluka, electrochemical grade, >99.0%) in anhydrous acetonitrile (Aldrich, 99.8%). Cyclic Voltammetries (CV) were performed at a scan rate of 50 mV/s with a PARSTA2273 EG&G potentiostat in a three-electrode electrochemical cell. All the measurements were carried out in a glove box filled with argon ([O 2 ]<1 ppm). The working, counter, and pseudoreference electrodes were a well-polished Au pin, a Pt flag and a Ag/AgCl wire, respectively. The Ag/AgCl pseudoreference electrode was externally calibrated by adding ferrocene (1x10 −3 M) to the electrolyte. In the paper, all the potentials will be reported vs. the ferrocinium/ferrocene couple.
AFM Characterization
AFM measurements were performed using Nanotec Electronica microscope, operating in tapping mode or contact intermittent (IC-AFM). Scans were performed on areas close to the aluminium electrode. Both topographic and phase images are presented.
Device Fabrication and Characterization
All bulk-heterojunction photovoltaic cells were prepared using the same preparation procedures and device fabrication procedure referring as follows: glass-indium tin oxide ITO) substrates (obtained from Xinyan Technologies, ρ <20 Ω cm −2 ) were first patterned by acid etching. Before processing, the patterned ITO glasses were cleaned by sonication, first in a microelectronic detergent, then in deionized water for 45 minutes, and finally rinsed by acetone and isopropyl alcohol. After dried by blowing nitrogen gas, substrates were irradiated in a UV-ozone chamber for 15 minutes. Poly(3,4-ethylenedioxy-thiophene):poly-(styrene-sulfonate) (PEDOT:PSS, Baytron 4083) was filtered through 0.4.µm filter before being deposited on ITO with a thickness around 40 nm by spin coating at 3500 rpm for 30s under nitrogen atmosphere, and dried at 108°C for 2 min inside a glove-box. Then, the active layer, made by P3HT: PC 61 BM:5 with different ratios, was spin-coated from o-dichlorobenzene (DCB) solutions on the top of PE-DOT:PSS layer at a speed rate of 1000 rpm for 45 s. The solar cell devices were completed by thermal evaporation of LiF (1.2 nm) and Al (100 nm) under 10 −6 Torr pressure. The deposition rates of LiF and Al were 0.1 and 2.5 Å/s, respectively. The blend PEDOT:PSS was used to facilitate hole extraction and LiF was used for electron injection purposes. The active area of the device was 0. 28 The reaction was carried out under solvent free conditions. In a round-bottomed flask, equipped with a magnetic stirring bar and a nitrogen inlet, were added maleic anhydride (10.0 g, 102 mmol) and aluminium trichloride (1.0 g, 7.5 mmol). The mix was melted and then cooled at r.t., then 2 eq.s of Br 2 (32.55 g, 203 mmol) were added in one portion and the reaction was stirred at 150°C overnight. After cooling to r.t., the solid was dissolved with ethyl acetate and the insoluble residue was filtered off. The solvent was removed under vacuum affording the desired product as white solid. Yield = 52%. M.p. and mass spectra were identical with those reported in literature.
Synthesis of 2,3-dibromo-N-octylmaleimide (2)
In a round-bottomed flask, equipped with a magnetic stirring bar and a nitrogen inlet, 1 equivalent of 2,3-dibromomaleic anhydride (1, 5.0 g, 19.5 mmol) was dissolved in 25 mL of acetic acid. 1.5 eq.s of octylamine (3.78 g, 29.25 mmol) were added to the solution, which was refluxed for 12 hours under nitrogen atmosphere. After cooling at r.t., the mixture was added to saturated solution of NaHCO 3 (100 mL) and then extracted with ethyl acetate (100 mL x 3). After drying over anhydrous magnesium sulfate, the filtrate concentrated in vacuo. The residue was purified by rapid filtration on a silica bed, using CH 2 Cl 2 , to afford the desired product as red solid. Yield = 43%. 1 H NMR (500 MHz, CDCl 3 , 300 K): δ (ppm) = 3.58 (t, 2H, N-CH 2 , 1J = 7.0 Hz, 2J = 14 Hz), 1.58 (m, 2H, N-CH 2 -CH 2 -), 1.30-1.24 (m, 10H, -CH 2 -), 0.86 (t, 3H, CH 3 , 1J = 7.5 Hz).
Synthesis of 2,3-dithiophen-N-octylmaleimide (3)
To a solution of 2,3-dibromo-N-octylmaleimide (2, 2.0 g, 5.4 mmol) and 2-(tributylstannyl)thiophene (4.06 g, 10.8 mmol) in 40 mL of DMF, Pd(PPh 3 ) 2 Cl 2 (76 mg, 0.108 mmol, 2%) was added. The mixture was refluxed for 12 hours at 100°C under nitrogen atmosphere. After cooling at r.t., the mixture was added to water and extracted with toluene (50 mL x 3). After drying over anhydrous magnesium sulphate, the filtrate concentrated in vacuo. The crude product was purified by flash column chromatography (SiO 2 , petroleum ether: ethyl ac- In a round-bottomed flask, equipped with a magnetic stirring bar and a nitrogen inlet, 1 equivalent of 2,3-dithiophen-N-octylmaleimide (3, 1.5 g, 4.02 mmol) was dissolved in 30 mL of chloroform. 2.2 eq. of NBS (1.5 g, 8.84 mmol) were added portionwise to this solution, which was kept under stirring at r.t. overnight. The mixture was added to water (100 mL) and then extracted with chloroform (50 mL x 3). After drying over anhydrous magnesium sulphate, the filtrate concentrated in vacuo affording the desired product as orange solid. Yield = 90%. To a solution of 2,3-bis(2-bromothiophen)-Noctylmaleimide (4) (0.5 g, 0.93 mmol) in 5 mL of dry DMF and 2-(tributylstannyl)thiophene (0.7 g, 1.9 mmol), Pd(PPh 3 ) 2 Cl 2 (13 mg, 0.018 mmol, 2%) was added. The mixture was heated for 6 hours at 100°C under nitrogen. The reaction was monitored by TLC. After cooling to r.t., the mixture was added to water and extracted with ethyl acetate (50 mL x 3). After drying over anhydrous magnesium sulphate, the filtrate was concentrated in vacuo. The crude product was purified by flash column chromatography, (SiO 2 , hexane: ethyl acetate 95 : 5) to afford the desired product as a purple solid. Yield = 60%. To a solution of 2,3-bis(2-bromothiophen)-Noctylmaleimide (4) (1.00 g, 1.42 mmol) in 10 mL of dry DMF and 2-(tributylstannyl)-3-hexylthiophene (1.87 g, 5.64 mmol), Pd(PPh 3 ) 2 Cl 2 (26 mg, 0.036 mmol, 2%) was added. The mixture was heated for 6 hours at 100°C under nitrogen. The reaction was monitored by TLC. After cooling to r.t., the mixture was added to water and extracted with toluene (50 mL x 3). After drying over anhydrous sodium sulphate, the filtrate was concentrated in vacuo. The crude product was purified by flash column chromatography, (SiO 2 , hexane: ethyl acetate 9:1) to afford the desired product as purple oil. Yield = 81%. 1 To a solution of 2 (250 mg, 0,68 mmol) and 2,5-bis(trimethyl)stannyl-bithiophene (0,56 mg, 0,75 mmol) dissolved in DMF (10 mL) Pd(PPh 3 ) 2 Cl 2 (9,6 mg, 0,14 mmol, 2%) was added. The mixture was heated for 20 hours at 90°C under nitrogen atmosphere. The polymer was precipitated by pouring the DMF solution into methanol (200 mL). The crude product was filtered and then Soxhlet extracted with methanol and diethyl ether to remove the oligomers and catalyst residues until the ex- 
Conclusions
A series of polymers and model compounds based on maleimide, as electron poor moiety into the donoracceptor structure, has been synthesized by simple and efficient route. The optical properties of the polymer show a stronger internal charge transfer between the thiophene (donor) and the (maleimide) acceptor blocks, which leads larger and broadened absorptions than previously reported for maleimide based polymers. Initial BHJ solar cell devices in combination with PC 61 BM give poor photovoltaic performance, which is mostly attributed to the limited solubility of the polymer, which produces in the active layer domains larger than the typical exciton diffusion length, as confirmed by AFM investigation.
However interesting results were obtained by sensitizing the P3HT:PC 61 BM bulk heterojunction with model compound 5 or polymer P2, as a third component. The addition of P2, as third component improved the PCE from 1.73 to 3.14%, an 80% increase. The same improvement has been obtained if a small molecule containing the maleimide core was added to the standard blend. The good match of the electronic levels between the three components together the suitable morphology of the film produce a PCE of 35% greater than the reference cell without additive.
